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The dynamic magnetic properties of two-dimensional periodic Co antidot arrays were studied by X-band
ferromagnetic resonance. The experimental results on geometrically scaled antidot arrays reveal a strong
attenuation of the uniform ferromagnetic resonance mode in comparison to a continuous film, but an excitation
of nonuniform in-plane spin-wave modes. Micromagnetic finite-element simulations show that the static mag-
netic structure in an antidot array depends on the direction of the external field with respect to the symmetry
axes of the antidot lattice, even if the external field is strong enough to enforce a technically saturated
magnetization state. The analysis gives evidence that characteristic inhomogeneities in the magnetization
distribution around the antidots give rise to the changes of the resonance modes with the in-plane direction of
the magnetization.
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I. INTRODUCTION
The dynamic properties of magnetic nanostructures are
drawing increasing attention1 due to the developments in in-
formation technology with respect to storage density and
data throughput. The importance of the geometric confine-
ment of the magnetization and its drastic impact on the prop-
erties of magnetic nanoparticles2 has been the topic of sev-
eral investigations. Besides the static and quasistatic
properties, also the magnetization dynamics in nanopatterned
particles has recently attracted considerable interest.3–5 In ad-
dition to numerous studies of the influence of nanopatterning
on the magnetization in mesoscopic magnetic dots, several
studies have also addressed the issue for antidot arrays.
While the static magnetic properties of antidot arrays6–9 have
been studied to a good extent, not much is known about their
dynamic properties up to now. Such antidot arrays have been
proposed for high-density storage media,10 because they are
expected to provide a higher thermal stability due to the
amount of magnetic material than “positive” arrays of mag-
netic particles of the same dimension as the antidots.
One of the interesting dynamic phenomena is the branch-
ing of spin-wave excitations, which arises as a result of
quantization in small structures when the feature size be-
comes comparable to the wavelength of the spin waves. Con-
siderable efforts were made to investigate dynamic proper-
ties of scaled arrays of cylindrical magnetic dots and wires
by Brillouin light scattering and other techniques.11–13 On the
other hand, only a few ferromagnetic resonance FMR ex-
periments have been performed on nanoscaled magnets14–18
up to now, although FMR is a powerful tool for investigating
standing spin-wave spectra.18 Recently, some authors using
FMR Ref. 19 have revealed unusual properties of antidot
Permalloy structures with a rectangular unit cell. They ob-
served localized modes in the region between the antidots
inferred by spatially averaged ferromagnetic resonance. In
the present work, we studied the FMR response of scaled
two-dimensional periodic Co circular-shaped antidot arrays
possessing square symmetry with varying period length. We
found a strong attenuation of the uniform ferromagnetic
resonance of such patterned films compared to continuous
films accompanied by an excitation of nonuniform standing
spin waves.
II. EXPERIMENTAL SETUP
We investigated microstructured Co films and a continu-
ous Co film as a reference sample. Si100 single-crystal
surfaces covered by native oxide served as substrates. A Co
film of d20 nm thickness was deposited onto a 7-nm-thick
Ta buffer layer and covered by a 3-nm-thick Cu protective
film. This film stack was microstructured by deep ultraviolet
photolithography and ion milling. The quality of the result-
ing two-dimensional periodic Co antidot array i.e., shape
and size of the holes, as well as distances between them was
controlled by a scanning electron microscope SEM Jeol
JSM 6300. A typical structure is shown in Fig. 1. As can be
seen, the holes are shaped like round disks. The ratio of the
hole radius r to the array period length a was chosen as 0.3.
We studied two samples with a period length of a=1.2 and
0.8 m. All samples continuous and microstructured ferro-
magnetic films were cut into 44 mm2 platelets. In the
case of the microstructured ferromagnetic films two-
dimensional antidot periodic structures, the platelet edges
were parallel to the translation vectors with the period length
a.
The FMR spectra were recorded with a Bruker-EMX
3 cm spectrometer 10 GHz. The specimens were placed
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at the center of a rectangular TE102 cavity of the device, the
magnetic component of microwave field being perpendicular
to the constant external magnetic field. The first derivative of
the absorption spectrum was registered at a fixed field modu-
lation frequency of 100 kHz. The platelet orientation relative
to the external magnetic field was varied with a two-axis
goniometer of 1° accuracy. We introduce a Cartesian coor-
dinate system with the z axis directed along the external
magnetic field H and the y axis directed along the magnetic
component of the microwave field. The platelet plane was
parallel to the yz plane. During experiments the plate was
rotating around the x axis that led to the changes of the angle
 between external magnetic field direction and translation
vector with the period length a Fig. 1.
III. EXPERIMENTAL RESULTS
The FMR spectrum of the continuous ferromagnetic film
with the external field applied in the film plane consists of a
single line, which corresponds to the uniform resonance
mode. The resonant microwave adsorption of the 20 nm Co
film occurs at a magnetic field of 595 G Fig. 2a. This
value results in an effective saturation magnetization of the
material of about 1660 G using Kittel’s formula.11 A rotation
of a square extended thin plate in the plane parallel to the
external magnetic field should not give rise to any significant
changes in the uniform ferromagnetic resonance line, as the
demagnetizing factor of the square plate and thus its contri-
bution to the effective anisotropy is small. Experimentally
the uniform resonance line position for the continuous Co
film changes only within 40 G, primarily depending on the
accuracy limit for adjusting the specimen in the spectrometer
cavity.
Figures 2b and 2c show the spectra of the two-
dimensional periodic Co antidot arrays with two different
periodicities at parallel orientation relative to the external
magnetic field. In comparison with the continuous film spec-
trum Fig. 2a, there is no strong symmetric line in the
spectra of the parallel-oriented antidot arrays in the region
near H590 G Figs. 2b and 2c that one could unam-
biguously relate to the uniform resonance observed for con-
tinuous film. In this case, the most intense line is observed at
higher magnetic fields of 900 and 1000 G for samples with
period lengths a of 0.8 and 1.2 m, respectively. We also
find multipeak absorptions in a wide range of magnetic fields
below 1000 G.
A change of the in-plane direction of the external field
leads to a drastic change of the ferromagnetic resonance
spectra. For a specimen rotation by =30° Fig. 3, the most
intensive line for the structure with the period length of
1.2 m is now observed at a lower field of H370 G. The
resonance at 1000 G observed for the field orientation along
the edge of the unit cell almost disappeared. No pronounced
line appears in the region near 600 G corresponding to the
uniform resonance of the continuous film.
The attenuation of the uniform FMR mode is one impor-
tant question; to answer it, micromagnetic modeling was per-
formed see Sec. IV. Qualitative theoretical analysis shows
that the presence of the periodically located nonmagnetic
areas holes in parallel oriented antidot structure leads to the
appearance of an energy-band structure in the power spec-
trum. When the film is patterned with an antidot array, both
the dc and rf fields become spatially nonuniform, with a
periodic spatial variation with a. Consequently, the spatial
FIG. 1. SEM image of the two-dimensional periodic Co antidot
arrays with schematic drawing of the experimental geometry. Here,
the y and z axes as well as the external magnetic field H are in the
substrate plane, a is the translation vector.
FIG. 2. a The FMR spectra in parallel orientation =0°  of
the original continuous film and two-dimensional periodic Co anti-
dot arrays with round-shaped holes with radius r=0.3a and period
length b a=0.8 and c 1.2 m.
FIG. 3. The FMR spectra of two-dimensional periodic Co anti-
dot arrays with round-shaped holes with 1.2 m period length at
different orientation =0 a and 30° b.
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Fourier transforms of these fields have peaks at a wave
number k= /a, which is in our case on the order of
3104 cm−1. It is known that the law of dispersion for spin
waves in the two-dimensional system at the small value of
wave vector k is linear with respect to k, and the resonance
frequency within the limits of one band can substantially
change. With such a low k, the dipolar energy dominates
over the exchange interaction that results in observation of
absorption in the wide range of magnetic fields.
For the Co structures under study, this value is compa-
rable with the value of the field corresponding to the reso-
nance field of continuous plate. Thus, one can observe some
kind of effective broadening of resonance absorption line.
This broadening is a result of relaxation processes that are
induced by the spatial structure. In this case, the broadening
mechanism is a two-magnon process, which scatters energy
from the uniform mode to other degenerate modes with
higher wave numbers.20,21 At the same time, the rotation of
the antidot structure in its own plane can cause a change of
the energy-band structure strong enough to result in dramatic
change of the observed spectrum of the resonance absorp-
tion. This is due to the fact that when changing the external
magnetic field, spin waves belonging to a certain energy
band can meet the condition of resonance or get out of it.
From comparison of resonance absorption for the first and
the subsequent scans, we can conclude that our sample is
close to saturation already at magnetic field strength of
150 G at parallel orientation. Nevertheless, even at
500–1000 G the sample is still not completely homoge-
neous; that complicates the observed picture.
IV. MICROMAGNETIC MODELING
Micromagnetic simulations have been employed to study
the static magnetic structure of the Co antidot arrays. The
simulations have been performed with a finite-element algo-
rithm described in more detail in Ref. 22. Owing to the
finite-element discretization, where the magnetic part is sub-
divided into an irregular mesh of tetrahedral elements, the
circular shape of the antidots can be approximated very
smoothly cf. Fig. 4. In order to unambiguously detect
anisotropies that result from the array and its influence on the
magnetic structure, this feature is particularly important.
Other numerical methods, such as the ordinary finite-
difference scheme, usually require a “staircase”
approximation23 in the case of curved surfaces, as they occur
here in the circular antidots. The staircase approximation has
been reported to give rise to artificial anisotropy effects12,23
depending on the choice of the direction of the grid of dis-
cretization cells. In the simulations, the dipolar field is cal-
culated with a hybrid scheme that combines the finite ele-
ment method and the boundary element method.24
The simulated sample is a 20-nm-thick Co film with cir-
cular antidots placed on a square lattice. The antidot radius is
r=360 nm and the period length is a=1.2 m. The material
parameters used in the simulation correspond to the regular
values for bulk polycrystalline Co metal.25 An array of
55 antidots has been used for the simulation. It was em-
bedded into a disk of 12 m diameter. A finite-element mesh
with variable cell size has been used to reliably resolve the
magnetization dynamics in the vicinity of the antidots.
The equilibrium distribution of the magnetization is cal-
culated by means of energy minimization. An external mag-
netic field of 1000 G is applied in the film plane. The order
of magnitude of this external field corresponds to the field
used in the experimental FMR study. The field is strong
enough to technically saturate the sample. Therefore, the
magnetization in the sample is in a unique, well-defined
state. This is in contrast to the zero-field case, where a large
variety of metastable magnetization configurations can
occur.8,9
A. Static magnetic structure
Let us first consider the magnetic structure in the vicinity
of a single antidot. The magnetization in the film is mostly
aligned parallel to the external field. Only in a small region
close to the antidot, characteristic inhomogeneities in the
magnetization occur. Since the magnetization tends to avoid
magnetic surface charges,26 it partially aligns with the
boundary of the antidot. The magnetic structure around the
antidot could be described as an “antionion” state cf. Fig. 5.
The onion state Fig. 5a is an almost homogeneous state
that has been found in magnetic rings27 and disks.28 There
are four inhomogeneous regions around each antidot, as can
be clearly seen from the contour lines of constant values of
FIG. 4. Perspective view on a mesh of tetrahedral finite ele-
ments as used in the simulations to model the static magnetization
structure in an array of antidots.
FIG. 5. a Onion state in a disk-shaped Co disc with
r=360 nm. b “Antionion” or “butterfly” state of the magnetization
in the vicinity of a circular antidot of the same size in a Co film. In
both cases, the film thickness is 20 nm. An in-plane field of 1000 G
is applied along the z axis. The gray scale and the contour lines
represent the y component of the magnetization my. The local ori-
entation of the magnetization is schematically represented by the
arrows.
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the y component of the magnetization my in Fig. 5b. In
spite of the analogy to the onion state, the term antionion
state for the magnetic structure around the antidot appears to
be too clumsy. We therefore prefer to label this a butterfly
state, since the shape of the inhomogeneous regions and their
fourfold symmetry are reminiscent of the wings of a butter-
fly.
In a single, isolated antidot in a homogeneous and isotro-
pic magnetic film, the axis of the butterfly state is obviously
parallel to the direction of the external field. In the case of a
regular array of antidots, however, the fourfold anisotropy of
the butterfly state interacts with the anisotropy due to the
lattice of antidots. This is illustrated in three examples of a
square array of antidots shown in Fig. 6. In all cases, the field
is applied in the z direction. If this direction coincides with
an axis of the antidot lattice Fig. 6a, there is hardly any
cross-talk between the inhomogeneities of neighboring anti-
dots. In this case, the antidots can be considered as rather
isolated entities, at least as far as the static magnetic structure
is concerned.
This situation changes when the antidot array or the ex-
ternal field direction is rotated by 30° in the film plane cf.
Fig. 6b. While the axis of the butterfly state around each
antidot essentially remains aligned with the external field
direction, the overall magnetic structure is significantly dif-
ferent. By rotating the antidot lattice with respect to the ex-
ternal field, the distance between the inhomogeneities around
neighboring antidots is changed. Staying in the picture of a
butterfly structure, one could say that the wings of neighbor-
ing butterflies are now touching each other. This connection
of the formerly isolated inhomogeneities leads to a modula-
tion of the overall magnetic structure by the occurrence of
stripes between the antidots, as can be seen in the dark re-
gions in Fig. 6b. This type of magnetic domain structure is
typical for magnetic circular antidot arrays.29–31 The qualita-
tively same effect occurs if the lattice is rotated by 30° in the
opposite direction, where the dark stripes are replaced by
bright stripes cf. Fig. 6c.
These examples demonstrate that the static magnetic
structure in an antidot array can depend on the direction of
the external field with respect to the antidot lattice, even if
the external field is strong enough to enforce a technically
saturated magnetization state. The static micromagnetic
modeling already indicates that the dynamic response of the
magnetization in a FMR experiment could be anisotropic
with respect to the external field direction.
B. Magnetization dynamics
To investigate the dynamic response of the magnetization
in the antidot array, we have performed micromagnetic simu-
lations based on the Landau-Lifshitz-Gilbert equation. A
static external in-plane field of 1000 G was applied parallel
to the z direction, i.e., one of the axes of the antidot array.
The magnetization dynamics after a short perturbation has
been simulated by applying a field pulse of Gaussian shape
peak: 100 G, 10 ps width along the y direction. The Gilbert
damping constant was set to =0.01 after the perturbation,
the magnetic system starts to oscillate incoherently. Differ-
ent, well-defined normal modes of the magnetization dynam-
ics have been found by means of a Fourier analysis.32
A pronounced peak in the spectrum of the magnetic oscil-
lations is observed at 10.5 GHz. The Fourier analysis of the
magnetization dynamics at this frequency shows that this
peak is related to periodic oscillations of the z component of
the magnetization mz in the regions previously labeled as the
“butterfly wings,” cf. Fig. 7a, while the y component of the
magnetization my oscillates in striped regions with a width of
approximately the radius of the antidots. These stripes are
oriented along the static field direction, and they are located
between the head and the tail of neighboring butterfly struc-
tures cf. Fig. 7b. The oscillation amplitude of my is in this
mode much higher than the oscillation amplitude of mz. We
found a further resonant mode at 21 GHz. At this frequency,
the oscillation pattern of mz Fig. 7c is very similar to the
previously described oscillation pattern of my in the
10.5 GHz mode, and vice versa see Fig. 7d. Contrary to
the 10.5 GHz mode, where the oscillation is mostly pro-
nounced in the my component, both the my and the mz com-
ponents now oscillate with similar amplitude.
We have also simulated the magnetization dynamics with
an external field value of 1000 G, after tilting the antidot
array by 30° with respect to the external field direction. In
this case, the main resonant mode is found at 11.5 GHz,
while the next-higher mode is at 23 GHz. Also in this case,
the pattern of the oscillations in my of the lower-frequency
mode is similar to the mz oscillation pattern of the higher-
frequency mode.
FIG. 6. Simulated magnetic structure in an antidot array as described in the text. a The antidot array is oriented parallel to the external
field. The butterfly structures around the antidots are decoupled from the inhomogeneities around neighboring antidots. b The antidot array
is rotated by =30°. The inhomogeneities of the antionions are now connected. c The micromagnetic structure changes accordingly when
the array is rotated by =−30°. In all cases, the film thickness is 20 nm and a field of 1000 G is applied parallel to the z axis.
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Simulations for an external in-plane field of H=350 G
and orientation of the antidot array =0° and 30° reveal a
different behavior.
Figure 8 shows the results for the Fourier transformation
of my in point A see Fig. 1 for a H=1000 and b 350 G.
Here, the solid and dotted lines correspond to =0° and 30°,
respectively. As can be seen from Figs. 8a and 8b, the
frequencies of resonance modes depend on the value of the
static external in-plane field H and of the angle . The reso-
nance modes as indicated in Figs. 8a and 8b are 10.5 and
21 GHz H=1000 G, =0°; 11.5 and 23 GHz H=1000 G,
=30°; 5.5, 11, and 16.5 GHz H=350 G, =0°; and 6.5,
13, and 19.5 GHz H=350 G, =30° with an accuracy of
±1 GHz. Note that absolute values strongly depend on the
thickness. Deviations of the actual sample thickness from the
nominal value of 20 nm make a direct comparison to experi-
mental values difficult. Further problems occurring for the
micromagnetic simulation of FMR experiments are reported,
as given in Ref. 33.
The amplitude of the Fourier spectrum corresponds to the
degree of microwave absorption in the FMR experiment.
Apart from a quantitative comparison, the simulation agrees
well with the experimental data. A main resonance frequency
shows up for an external field of 1000 G at 10 GHz Fig.
8a in accordance with the resonant absorption in the FMR
experiment. This absorption is observed for =0° and 30°
Fig. 3. For an external magnetic field of 350 G, a consid-
erable Fourier amplitude at 10 GHz is observed for the
case of =30° although the maximum is at a lower fre-
quency of 5 GHz. The amplitude is much less prominent
at 10 GHz for =0° Fig. 8b. This corresponds to the
absence of an absorption in the experiment for this case.
Point A was chosen as a representative point, located in
the middle between four antidots. Besides this point, oscilla-
FIG. 7. Resonant modes of the antidot array in the case of H=1000 G applied parallel to the array axis. The main oscillation mode mz
and my at 10.5 GHz is displayed in the panels a and b, respectively. Panels c and d describe the second resonant mode mz and my,
occurring at a resonance frequency of 21 GHz. These images were obtained by means of a Fourier transform of the simulated magnetization
dynamics, followed by a windowed Fourier back transformation from frequency space into the time domain. The frequencies are selected by
applying a small window around the frequency of interest prior to the back transformation. The gray scale and the contour lines represent the
region of largest oscillation amplitudes.
FIG. 8. Fourier transformation of the magnetization component
my in the Co antidot arrays in point A, designated in Fig. 1, for a
H=1000 and b 350 G. The cases of =0° and 30° are represented
by 1 solid and 2 dotted lines, respectively. The arrow denotes the
experimental frequency.
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tions have been recorded at two further points. These two
additional points are located on very different positions
close to the border of an antidot and in the middle between
two antidots. The results show that also at these points the
same frequencies are found previously at point A. The most
important difference between the Fourier spectra obtained at
these points is the Fourier amplitude, while the main fre-
quencies are the same. Thus, the above presented results of
Fourier spectra analysis obtained at point A are more general.
In all cases, the simulations show that the frequencies and
the oscillation patterns of resonant modes in antidot arrays
are strongly affected by the orientation and the absolute
value of the external field with respect to the antidot array.
The strongly oscillating regions of the magnetic normal
modes are mostly located in narrow strips connecting
nearest-neighbor antidots. The magnetic microstructure in
the immediate vicinity of the antidots, i.e., the butterfly re-
gions, also displays characteristic oscillations, particularly
when the external field is aligned parallel to the array axis.
V. CONCLUSION
In summary, FMR has been successfully employed to in-
vestigate collective spin-wave excitation phenomena in two-
dimensional periodic Co antidot arrays with different peri-
ods. We found a strong unexpected attenuation of the
uniform ferromagnetic resonance mode in the antidot array
compared to the resonance mode of a continuous film going
along with an additional multipeak absorption in a wide
range of magnetic fields. The FMR spectra strongly depend
on the orientation of the external field relative to the antidot
array. A numerical simulation qualitatively agrees with our
experimental findings and reveals that the static magnetiza-
tion structure in an antidot array depends on the direction of
the external field with respect to the symmetry axes of the
antidot lattice. The strong angular dependence of the FMR
spectra indicates the excitation of heterogeneous spin-wave
modes in the two-dimensional antidot array.
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